ABSTRACT. We describe a method for simply characterizing the size and shape of a nanopore during solution-based fabrication and surface modification, using only low-overhead approaches native to conventional nanopore measurements. Solution-based nanopore fabrication methods are democratizing nanopore science by supplanting the traditional use of charged-particle microscopes for fabrication, but nanopore profiling has customarily depended on microscopic examination. Our approach exploits the dependence of nanopore conductance in solution on nanopore size, shape, and surface chemistry in order to characterize nanopores. Measurements of the changing nanopore conductance during formation by etching or deposition can be analyzed using our method to characterize the nascent nanopore size and shape-beyond the typical cylindrical approximationin real-time. Our approach thus accords with ongoing efforts to broaden the accessibility of 3 nanopore science from fabrication through use: it is compatible with conventional instrumentation and offers straightforward nanoscale characterization of the core tool of the field.
nanopore science from fabrication through use: it is compatible with conventional instrumentation and offers straightforward nanoscale characterization of the core tool of the field.
Introduction
A nanopore is a nanofluidic channel, with dimensions in all directions generally less than 100 nm, that can be used to deliver a host of capabilities for single-molecule sensing. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Highprofile nanopore sensing efforts have targeted sequencing single strands of DNA and RNA; protein conformational analysis; and characterization of other biomolecules, molecular complexes, and nanoparticles. In the most straightforward implementation of nanopore sensing, the nanopore is the sole path connecting two reservoirs containing electrolyte solutions. Electrodes in each reservoir establish a potential difference across the nanopore that drives ions through the nanopore:
passage of a target molecule, nanoparticle, or complex through the nanopore perturbs that ionic current and provides molecular-level information. That information naturally depends on the target's dimensions and physicochemical properties and the ionic solution composition, but it is also profoundly affected by the size, shape, and surface chemistry of the nanopore. In the case of a (cylinder-like) double-stranded DNA polymer that fills the entire length of a cylindrical nanopore as it transits through, a simple geometric treatment considering only the displacement of bulk ions by the polymer gives a straightforward expression for the macromolecule-induced conductance 
with 〈 〉 and 〈 〉 the time-averaged conductance through an unobstructed and DNA-containing nanopore, respectively, and DNA and 0 the cross-sectional radii of the molecule and nanopore.
The expression does not capture the panoply of complex phenomena giving rise to conductance perturbations in nanopore sensing, [12] [13] but does, in convenient closed form, appropriately underscore the importance of nanopore dimension. This geometric basis of the conductance change has been used to infer biopolymer conformation, for example: a folded-over polymer presents a larger effective cross-section than a linear one. 14 The more elusive dependence of current change on single-stranded DNA base sequence, for example, underpins efforts to sequence single strands of DNA using nanopores. 2, 8 In a powerful implementation of nanopore force spectroscopy, details of interaction energetics can be revealed if, and only if, a nanopore size is properly engineered to sterically force the linearization of a folded moiety during passage, or rupture of an intermolecular complex by barring passage of one of the partners.
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The ionic conductance ( ), alone, of a nanopore with a charged surface can be expressed as the sum of a bulk and surface conductance term [18] [19] [20] [21] 
when access resistance is negligible. 22 Overlapping Debye layers require a more sophisticated treatment, but need not be considered over a broad useful range of nanopore sizes and solution ionic strengths. [23] [24] This simple formulation for has been supported by experimental measurements in which nanopore conductance was measured for nanopores that had size and shape interrogated by combinations of transmission electron microscopy and electron energy loss spectroscopy. 13, 18 The bulk conductance is determined by the solution conductivity, K, and a volume integral, , over the unique nanopore shape:
−1 = • (with zaxis along the length of the pore). The surface conductance is determined by the mobility of counterions proximal to the pore surface, , the density of surface chargeable groups, , and an integral, , over the surface of the nanopore: surface = | | (∫ 2 ( ) )
The two defined quantities and therefore contain information about the size and shape of the nanopore, determined by the collection of geometric parameters, , relevant for a particular shape: = ({ ( )}) and = ({ ( )}). Nanopore materials are usually chosen with mechanical and physicochemical properties to minimize the change in size and shape in time, , absent deliberate action. Commonly reported parameter values, which may be only a subset of those needed to fully characterize a given nanopore profile, include the limiting radius (the minimum radius along the profile), 0 , and total nanopore length, , that can in some cases be equated with the supporting membrane thickness. The experimentally-supported 13, 18 treatment of the nanopore conductance here assumes axially and cylindrically symmetric nanopores in a size regime where access resistance is negligible, 22 and that any surface charge emerges from a singly ionizable surface species described by a characteristic pKa
Native or engineered nanopore surface chemistry is an important element in nanopore performance, and contributor to nanopore conductance. The conductance can be naturally exploited for nanopore characterizations in conjunction with solution-based nanopore fabrication methods, and is especially useful when more complex methods present barriers to use. Chargedparticle milling is an established, but challenging and burdensome, approach for formation of the smallest, <10 nm nanopores in thin membranes. [25] [26] [27] [28] The use of (scanning) transmission electron microscopes ((S)TEM), helium ion microscopes, and scanning electron microscopes (SEM) for fabrication imposes time and instrumentation costs; can expose the nanopore to possible surface contamination within the instrument and to risk of damage during handling, transfer, and charged particle beam exposure; and reveals little of the nanopore surface chemistry. In a purely imaging capacity, these microscopes are limited in their ability to characterize organic surface coatings, and without more involved measurements or image analysis, 18, [29] [30] [31] [32] [33] [34] nanopores have been extended to silicon nitride membranes which offer benefits such as the fabrication of smooth nanopores with lengths <100 nm. 32, 35 More recently, dielectric breakdown (followed by voltage-assisted etching) of an impervious, insulating membrane, has emerged as a powerful new technique for nanopore fabrication. 36 It is an entirely solution-based approach, using essentially the same equipment required for conductance-based nanopore measurements, and quite readily produces nanopores in a wide range of sizes, including in the coveted <5 nm diameter range. The nanopore conductance can be measured during fabrication, providing an indication of the nanopore size at a given point in time. The dielectric breakdown approach allows nanopores to be fabricated in their native environment, in the same holder where they will be used for experiments, and without the contamination and damage risks associated with charged particle techniques. A conductance-based characterization will not damage a molecular surface coating suitable for conductance-based sensing, and can harness the natural and direct connection to the nanopore surface chemistry that makes it a valuable method for characterizing chemically-tailored nanopores. 9, 23, 34, 37 The conductance model is equally useful when a pore is formed and enlarged, and when an initially large pore is resized by solution-based deposition, including film growth. 9, 19, 35, 38 Etching and deposition may be used in concert, with a pore being initially etched larger than desired to accommodate an electroless gold film, for example, that may ease nanopore surface chemical modification. In this work we wanted to understand how the measured conductance during nanopore fabrication-by deliberate expansion, closure, or both in consort-could be used to profile the nascent nanochannel. Simulations will focus, for expediency, on nanopores fabricated via deposition of surface coatings: the principles, however, are general.
Theory
The algebraic structure of = • + | | • , and its underlying dependencies, means that a single-point conductance measurement can provide enough information to size a nanopore only when the shape is known and the fitting involves only a single geometric degree of freedom.
Measurement of versus -by changing the electrolyte solution conductivity-for a given nanopore can provide greater insight into the nanopore size, shape, and surface chemistry.
18, 21-23
The conductance change after adding a monolayer of known thickness, for example, can provide similar information to what is provided after a solution conductivity change, and measuring versus for the nanopore before and after monolayer formation provides the richest description of the nanopore within this framework. 23 Changes of electrolyte solution are tedious, however, and disruptive to a solution-based nanopore fabrication approach. A simple ongoing measurement of the nanopore conductance during nanopore formation, however, can be done as part of the fabrication process, and is in fact performed routinely on a single-point measurement basis. Each fixed-time conductance is of course connected through Equation (2) to the instantaneous nanopore size and shape, where the applicability of the conductance model has been independently verified by electron-based imaging and spectroscopy. 13, 18 A single conductance value, however, offers a limited ability to characterize a nanopore described by more than one free geometric parameter.
Measurement and use of a series of conductance values at times :
( 1 , { ( 1 )}),… ( n , { ( n )}), can provide more information than the conductance at a single time-point since the changes in conductance are caused by underlying changes in the initial nanopore dimensions, { ( 0 )}, in time. We perform simulations consistent with the following conditions to demonstrate how to extract this information content. Nanometer-scale deposition or etching should not appreciably change the electrolyte solution conductivity, nor should the nanopore surface chemistry change (except through deliberate action) throughout either type of fabrication process. We make the reasonable assumption that material transfer will be uniform across the surface, so that the nanopore shape will remain unchanged. Silicon nitride, the most common membrane material in which to form nanopores, is amorphous, and so will not inherently be prone to anisotropic etching. 39 Electroless plating, a surface deposition method that has been used with great success in resizing nanopores, 9 conformally coats even rough surfaces, 40 and film growth by polymer chain extension, for example, should be another effective route to reliably tune nanopore size. 41 We can then write
where the ( ) and ( ) depend on the nanopore profile, and the depend on the profile and the material transfer rate, , whether by nanopore etching or coating by deposition. The material transfer rate is conveniently measured as the change in nanopore radius over time. While two nanopores with different shapes and sizes may have the same initial conductance, radius and total nanopore length (see Tables S-1 and S-2 for notation and equations). Independent experimental studies of nanopore profiles 18, 22 were used to guide the constraints and to make reasonable parameter value assignments to allow for numerical examples; the nanopore characterization method is general, however, and does not depend upon these particular numerical values. 21, 23 We restricted the initial outer radius to be 10 nm greater than the initial limiting radius
(not applicable to the cylindrical profile), [21] [22] and fixed the initial cylinder length of the conicalcylindrical pore to be 0.6 times its initial total length. The deposited coating was piecewise curved to maintain a uniform coating thickness across the entire nanopore surface ( Figure 1 and Table S- 2). Equation (4) then becomes
Parameter values used in calculations were typical of experiments and consistent with those in prior work with silicon nitride nanopores: 21 for example, 1 M potassium chloride electrolyte solution in water, K=14.95 S·m -1 (calculated using ion mobilities), pH=7.0, and surface pKa=7.9.
The material transfer rate was kept constant, = 0 ⁄ = 0.6 nm/h. More important than the particular parameter values, though, it is the form of equation (2) and its functional dependencies that are significant in this work. 
Results and Discussion
The ability to characterize a nanopore in real-time, during its formation, using only its conductance, is an incredibly compelling goal. Its pursuit relies on the connection between the conductance of a nanopore and its size, shape, and surface chemistry, and its attainment hinges on properly exploiting the functional form of that connection. We will focus on nanopores fabricated by deposition of a coating onto the outer membrane surface and inner surface of an existing, larger pore, but similar arguments hold for a nanopore formed by etching of a smaller pore to create a larger pore. Figure 2 highlights a primary challenge of nanopore conductance-based characterizations. The curves show the set of nanopore limiting radii and length, for each chosen nanopore shape, { 0,shape , shape }, that generate a 200 nS conductance: there is not a unique solution. To use a single-point conductance value to characterize a nanopore by more than a broad range of possible shapes and sizes, or to provide better than an approximate size given an assumed profile, additional information is required. 21, 23 Most commonly, knowledge of the particular fabrication method and conditions is used to choose an expected nanopore profile, and can often be used to constrain the nanopore length to an experimental parameter such as the thickness of the membrane in which it is formed. Measurement of the conductance of a nanopore in time, in an essentially single-point sense, has demonstrated utility as a monitor of nanopore evolution even if it cannot provide an unambiguous characterization. Yet the time-dependence provides a set of experimental data points that we seek to mine to more fully characterize the nanopore than is possible using a single-point measurement of the conductance. The most immediately striking consequence of a real-time measurement of the conductance is that, as shown in Figure 3 , it reveals a clear distinction between different nanopore profiles. When different candidate profiles are used to fit experimental nanopore conductance data, the conductance versus time provides a means to determine nanopore shape and size. To produce the data plotted in Figure 3 , we used the four representative nanopore profiles all with an initial 200 nS conductance and 10 nm total nanopore length. The initial nanopore limiting radii were ~6.4, 3.1, 5.5, and 4.0 nm, respectively, for the cylindrical, double-conical, conical-cylindrical, and hyperbolic nanopore profiles. We calculated the conductance for each profile as the radii were reduced at the same rate, = 0.6 nm/h, during a simulated, deposition-based fabrication process. As shown below, the radius change after a given time must be known, but the method does not require a constant material transfer rate. We chose a constant rate, commonly observed in micromachining processing, 39 however, because it affords straightforward insights into the functional dependencies beyond what is revealed by the numerical results. Given the form of equation (5), it is perhaps unsurprising that even with constant (and therefore identical absolute rates of change of the radii across profile type), is not linear and depends on profile type (inset of Figure 3 ). The quantitative details of this behavior provide a means of extracting nanopore size and shape information from the measured conductance changes. show a shape-dependent decrease in conductance due to material deposition at a constant rate, .
The inset plots the rate of conductance change, calculated using nearest-neighbor differences, ≅
. Figure 4 illustrates the general approach we have adopted for extracting quantitative nanopore geometric parameters from ( )-an approach allowing for a nanopore characterization with the full geometric parameter flexibility outlined in Figure 2 , and that emphasizes the minimal number of conductance values required. We chose to simulate the deposition-based fabrication of nanopores with an initial conductance, shape expt ( 0 ) = 200 , and initial radius, 0,shape expt ( 0 ) = 3.5 nm (both values the same for all simulated experimental shapes); Figure 2 gives the corresponding initial nanopore lengths, shape expt ( 0 ), for each nanopore profile. For each nanopore profile, we set the initial nanopore size, ( 0,shape expt ( 0 ), shape expt ( 0 )), and used the progression of dimensions, ( 0,shape expt ( 0 ) − Δ ( 0 , ), shape expt ( 0 ) + 2Δr i ( 0 , )), to simulate the post-deposition conductances shape expt ( 1 ) and shape expt ( 2 ). For a constant material transfer rate, , Δ = ( − 0 ) . While more generally Δ = Δ ( , 0 , ( )), the procedure implemented here relies on knowledge of this radius change only, not whether the material transfer rate is constant in time or not. We outline the conceptual framework for the characterization and provide a detailed step-by-step tutorial in the SI. The initial conductance, shape expt ( 0 ), was used in conjunction with We then used the post-deposition shape expt ( i ) to determine the nanopore size and shape. We found the initial limiting radius, 0,shape ( 0 ), for each nanopore shape, that gave a conductance ℎ ( 1 ) = shape expt ( 1 ). That is, when the experimental nanopore was cylindrical, we found the 0,shape ( 0 ) for cylindrical, double-conical, conical-cylindrical, and hyperbolic profiles that allowed the candidate pore conductance to match the experimental value, and plotted the radii in Figure 4e . Measurement of more conductance points does not provide more information, given the framework presented here, but can add numerical robustness to this approach. Alternatively, the formal need for only three conductance values allows one to piecewise repeat the shape-and sizeprofiling on independent sets of three conductance values throughout the duration of the fabrication, allowing for the possibility to extend this method to anisotropically-etching or -depositing materials. An extreme departure from the usual progression of conductance in time may signal the need for a more involved steady-state solution-based characterization of a pore after fabrication, 21 although even in this case the present time-dependent method should provide bounds on the evolving nanopore size. We note again, for generality, that while we used a constant , the plating rate must be known, but need not be constant. Fitting conductance values in time leverages the form of equation (2) to reveal the nanopore shape and extract dimensions from a solution-based nanopore fabrication method. 
Conclusions
The charged-particle, complex instrumentation approaches that dominated early nanopore fabrication methods allowed, in principle, for high-resolution nanopore characterizations, although such capability was rarely employed beyond determining a limiting radius. These instrumental approaches face limitations such as high likelihood of surface contamination and inability to probe soft (e.g. organic) nanopore coatings, and they add workflow steps that could be costly in time and instrumentation. Even so, since the nanopores were formed in these instruments, it was expedient to follow fabrication with the chosen degree of characterization in the same instrument. The ongoing development of completely solution-based methods-including the advent of new techniques-to fabricate nanopores has ushered in an exciting new area for nanofluidics, generally, and nanopore science in particular. Nanopores can now be formed in their native liquid environment, and without the instrument and workflow cost of charged-particle methods. We have modelled the nanopore conductance with a simple framework that nevertheless includes an explicit surface chemistry term and has demonstrated concordance with independent experimental characterizations of nanopore sizes and shapes of most importance for routine use in single molecule science. 13, 18 We have presented theoretical examples that describe the creation of small nanopores by coating larger nanopores, so that fabrication involves a decrease in the nanopore radius and conductance. The results, however, are equally applicable to nanopore fabrication methods such as dielectric breakdown followed by voltage-assisted etching, or the chemical etching of ion-tracked membranes. The nanopore conductance is routinely measured during dielectric breakdown as a diagnostic, and such a measurement can be readily implemented during nanopore fabrication by material deposition. We have shown here that by analyzing a series of conductance measurements in time, rather than only an instantaneous measurement, we are able to extract information on nanopore size and shape, and thereby enrich the execution and interpretation of nanopore experiments without increasing the experimental burden.
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